INTRODUCTION {#s1}
============

The DNA damage response (DDR) is a multistep cellular signaling cascade responding to the generation of a variety of DNA lesions such as DNA double-strand breaks (DSB). DNA ends exposed upon DSB generation are thought to be promptly detected by the specialized DNA damage sensor complex MRE11--RAD50--NBS1 (MRN), which recruits the apical DDR activator ATM, a protein kinase that, upon recruitment to DNA lesions, becomes auto-phosphorylated and activated ([@JCS182188C38]). Such direct recognition of DNA lesions is commonly referred to as primary recruitment ([@JCS182188C8]; [@JCS182188C29]). To amplify local DDR signaling at the site of DNA damage, activated ATM phosphorylates the histone variant H2AX *in cis* on Ser139 to form γH2AX. This is a key step in signal amplification because this histone mark leads to the recruitment of the DDR mediator proteins MDC1 and 53BP1 (also known as TP53BP1) ([@JCS182188C4]; [@JCS182188C32]; [@JCS182188C9]), which in turn recruit more MRN--ATM complexes by protein--protein interactions ([@JCS182188C10]; [@JCS182188C37]). This establishes an effective positive feedback loop that, by favoring the spreading of γH2AX from the DSB, leads to the so-called secondary recruitment of DDR factors to the damaged genomic locus, leading to the formation of cytologically detectable DDR foci ([@JCS182188C31]). Using H2AX knockout cells, it has been demonstrated that H2AX is not essential for the initial recognition of DNA breaks by DDR sensors such as NBS1 (also known as NBN) (primary recruitment), while γH2AX is essential for the secondary response to DNA damage that leads to the accumulation of DDR mediators such as MDC1 and 53BP1 in the form of DDR foci (secondary recruitment) ([@JCS182188C7]; [@JCS182188C8]; [@JCS182188C14]). To date, no other signals independent of γH2AX have been reported to be necessary for DDR focus formation.

Factors of the RNA interference (RNAi) machinery have been recently shown to be present and active in the nucleus of mammalian cells ([@JCS182188C18]) where they perform important functions in the regulation of chromatin, gene expression and splicing ([@JCS182188C20]; [@JCS182188C1]; [@JCS182188C21]; [@JCS182188C41]). We and others recently proposed that the RNAi-related endoribonucleases DICER and DROSHA promote DDR activation by generating small non-coding RNA (sncRNA) with the sequence of the DNA flanking the DSB ([@JCS182188C16]; [@JCS182188C40]; [@JCS182188C19]; [@JCS182188C33]). In the context of DDR, we named them DNA damage response RNA (DDRNA) ([@JCS182188C15]). We observed that DICER- or DROSHA-inactivated cells exposed to ionizing radiation show impaired DDR activation as demonstrated by reduced formation of DDR foci, impaired checkpoint and cellular senescence maintenance ([@JCS182188C16]). Others have recently confirmed some of these observations ([@JCS182188C26]; [@JCS182188C39a]). At present, at which stage of the DDR cascade DICER, DROSHA and their DDRNA products modulate DDR signaling is largely unknown. In this study, we aimed at distinguishing between their potential positive contribution to either the primary or the secondary recruitment of DDR factors to sites of DNA damage.

RESULTS {#s2}
=======

DICER or DROSHA knockdown does not affect the recruitment of NBS1--GFP to laser-induced DNA damage stripes while it reduces the recruitment of MDC1--GFP and 53BP1--GFP {#s2a}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------

To be able to identify a specific contribution to primary or secondary recruitment, we used two independent and complementary approaches: UVA laser micro-irradiation in BrdU pre-sensitized cells ([@JCS182188C30]) and a cell line carrying a cluster of inducible DSBs ([@JCS182188C28]). By both approaches, differently from IR or radiomimetic drugs, the generation of numerous lesions densely packed in a defined nuclear space allows the detection and the study of the primary recruitment of DDR sensors to DNA lesions ([@JCS182188C4], [@JCS182188C5]; [@JCS182188C13]). With these two techniques, we tested if DICER or DROSHA inactivation impacts on the primary recognition of DNA lesions by NBS1, and/or on the secondary recruitment of MDC1 and 53BP1.

To study the recruitment of these DDR factors to DNA lesions in live cells, we used laser micro-irradiation in three separate U2OS cell lines expressing NBS1--GFP ([@JCS182188C29]), MDC1--GFP ([@JCS182188C22]) or 53BP1--GFP ([@JCS182188C4]) fusion proteins. The knockdown (KD) of DICER or DROSHA reduces the number of MDC1--GFP and 53BP1--GFP foci in these GFP reporter cell lines ([Fig. S1A--C,F--H](Fig. S1A–C,F–H)) as studied by treatment with neocarzinostatin (NCS), a radiomimetic drug that induces an acute dose of DSBs ([@JCS182188C3]). γH2AX foci are unaffected in the same cells ([Fig. S1A,D,F,I](Fig. S1A,D,F,I)) and the total levels of GFP fusion proteins are not diminished by DICER or DROSHA inactivation ([Fig. S1E,J](Fig. S1E,J)). These results confirm and extend our published observations ([@JCS182188C16]) to DDR markers detectable as GFP fusion products and introduce an additional source of DNA damage (NCS), and they validate these cell lines for their use in identifying the involvement of DICER and DROSHA in modulating the primary or secondary response to DNA damage by laser micro-irradiation.

Since primary recruitment of NBS1 is H2AX independent ([@JCS182188C8]; [@JCS182188C5]), NBS1--GFP detection on laser tracks is expected to be comparable in both control (siLuciferase-transfected) and siH2AX-transfected cells. Indeed, we observed that NBS1--GFP forms stripes at laser-induced DNA damage in both sets of cells, demonstrating that our experimental conditions show sufficient sensitivity in detecting the primary recruitment of NBS1 to DNA lesions in H2AX-KD cells ([Fig. S2A](Fig. S2A)). By contrast, MDC1--GFP and 53BP1--GFP secondary recruitment is expected to be impaired in the absence of H2AX ([@JCS182188C5]) and indeed, whereas MDC1--GFP- and 53BP1--GFP-positive bright DNA damage-induced stripes were detectable in control cells, their formation was strongly reduced in H2AX-KD cells ([Fig. S2B,C](Fig. S2B,C)). Having established a clear readout of primary versus secondary recruitment, we studied the impact of DICER or DROSHA KD ([Fig. S2D](Fig. S2D)) on NBS1--GFP laser-induced DNA damage stripes formation. H2AX-KD cells were used as a control. We observed that NBS1--GFP recruitment to laser stripes is unaffected upon DICER, DROSHA or H2AX KD ([Fig. 1](#JCS182188F1){ref-type="fig"}A), indicating that they are not essential for NBS1 primary recruitment to DNA damage sites. Fig. 1.**DICER or DROSHA knockdown do not affect the recruitment of NBS1--GFP to laser stripes while reducing the recruitment of MDC1--GFP and 53BP1--GFP.** U2OS cells expressing NBS1--GFP, MDC1--GFP and 53BP1--GFP were transfected with siRNA against Luciferase (siLUC), DICER, DROSHA or H2AX. After 72 h, cells were laser-micro-irradiated and the recruitment of DDR--GFP fusion proteins was monitored at 20 min. (A,B) Representative images of NBS1--GFP (A), MDC1--GFP and 53BP1--GFP (B) cells exposed to micro-irradiation are shown. Scale bar: 20 μm. (C--E) Plots show the distribution of laser stripe fluorescence intensity of NBS1--GFP (C), MDC1--GFP (D) and 53BP1--GFP (E). Red bars indicate mean value, error bars indicate s.e.m. \**P*\<0.01 by one-way ANOVA. For each condition shown 40--90 cells from three independent experiments were measured.

To provide quantitative analyses of these results, we analyzed images taken 20 min after laser micro-irradiation and measured the fluorescence intensity in the region exposed to laser-induced DNA damage in all conditions studied. These measurements (40--90 cells per point from three independent experiments) confirmed that NBS1--GFP recruitment is quantitatively unaltered in DICER- or DROSHA-KD cells ([Fig. 1](#JCS182188F1){ref-type="fig"}C).

Next, we analyzed MDC1--GFP and 53BP1--GFP recruitment to laser-induced DNA damage upon KD of DICER, DROSHA or H2AX ([Fig. S2E](Fig. S2E)). Excitingly, we observed that despite similar levels of BrdU incorporation to sensitize cells to laser treatment ([Fig. S2F](Fig. S2F)), MDC1--GFP and 53BP1--GFP stripes show a reduced intensity and a more discontinuous pattern in DICER- or DROSHA-KD cells ([Fig. 1](#JCS182188F1){ref-type="fig"}B). This visual evaluation was confirmed by the quantification of the fluorescence intensity of MDC1--GFP and 53BP1--GFP stripes of laser-induced DNA damage ([Fig. 1](#JCS182188F1){ref-type="fig"}D,E). Hence, similarly to γH2AX, DICER and DROSHA are required to establish a robust secondary recruitment of 53BP1 and MDC1 to sites of DNA damage.

DICER or DROSHA inactivation does not affect the recruitment of endogenous NBS1 to laser-induced DNA damage stripes but it reduces the recruitment of endogenous MDC1 and 53BP1 {#s2b}
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Next, we extended these analyses to endogenous DDR factors. So, DICER or DROSHA were knocked down by siRNA ([Fig. S3A](Fig. S3A)) in U2OS cells. Cell cycle progression was monitored by FACS analyses and excluded significant alterations upon DICER and DROSHA KD ([Fig. S3B](Fig. S3B)). Pre-sensitized cells were exposed to laser micro-irradiation, fixed 20 min later and stained with antibodies against endogenous γH2AX, MDC1 and 53BP1. In this setup, γH2AX staining was used to identify the nuclear region hit by the laser path and as a reference for the amount of DNA damage generated. Also in this setting, we observed that recruitment of endogenous NBS1 to sites of DNA damage was unaltered in DICER- and DROSHA-inactivated cells ([Fig. 2](#JCS182188F2){ref-type="fig"}A), while the accumulation of endogenous MDC1 ([Fig. 2](#JCS182188F2){ref-type="fig"}B) and 53BP1 ([Fig. 2](#JCS182188F2){ref-type="fig"}C) was reduced in DICER- or DROSHA-KD cells, compared with control siLuciferase-transfected cells. An accurate quantification confirmed these observations ([Fig. 2](#JCS182188F2){ref-type="fig"}D--F). Thus, DICER and DROSHA are not essential for the primary recruitment of endogenous NBS1 to sites of DNA damage, being required rather for the enforcement of the secondary response to DNA damage that leads to the accumulation of MDC1 and 53BP1. Fig. 2.**DICER or DROSHA inactivations do not affect the recruitment of endogenous NBS1 to laser stripes but reduce the recruitment of endogenous MDC1 and 53BP1.** U2OS cells were knocked down for DICER, DROSHA or H2AX in the presence of 10 μM BrdU. After 72 h, cells were laser-micro-irradiated and then fixed 20 min later. (A--C) Laser stripe formation was monitored by indirect immunofluorescence and representative images are show for γH2AX and NBS1 (A), MDC1 (B) or 53BP1 (C). (D--F) Plots show the fluorescence intensity of NBS1 (D), MDC1 (E) or 53BP1 (F) laser stripes upon normalization of the fluorescence intensity to that of γH2AX in the same area. Red bars indicate mean value, error bars indicate s.e.m. \**P*\<0.05 by one-way ANOVA. For each condition shown more than 20 cells from two independent experiments were analyzed. (G) Heterozygous *Dicer1*^+/−^ mouse sarcoma cell lines and knockout *Dicer1*^−/−^ cells were laser-micro-irradiated and fixed 20 min afterwards. Laser stripe formation was monitored by indirect immunofluorescence and representative images of γH2AX and 53BP1 laser-induced stripes are shown. Scale bars: 20 μm. (H) Plot showing the fluorescence intensity of 53BP1 laser stripes on normalization on the fluorescence intensity of γH2AX in the same area. Red bars indicate mean value, error bars indicate s.e.m. \**P*\<0.001 by unpaired Student\'s *t*-test. For each condition shown more than 30 cells from two independent experiments were measured.

The role played by DICER in DDR activation has not yet been studied in cells genetically null for this gene, as complete DICER loss was considered to be incompatible with somatic cell proliferation ([@JCS182188C17]; [@JCS182188C27]; [@JCS182188C34]; [@JCS182188C2]). However, the generation of a proliferating somatic mouse sarcoma cell line (*KrasG12D; Trp53^−/−^; Dicer1^f/−^*) in which *Dicer1* can be deleted by Cre--lox recombination has been recently reported ([@JCS182188C36]). Therefore, we decided to recapitulate our observations in this cell system ([Fig. S3C--F](Fig. S3C–F)). We observed that upon NCS treatment, formation of 53BP1 foci was reduced in *Dicer1*^−/−^ cells compared with *Dicer1*^+/−^ cells, whereas γH2AX accumulation was unaffected ([Fig. S3C--E](Fig. S3C–E)). Moreover, in pre-sensitized and laser-micro-irradiated cells, endogenous 53BP1 recruitment to γH2AX laser stripes was dramatically impaired in *Dicer1*^−/−^ cells ([Fig. 2](#JCS182188F2){ref-type="fig"}G,H), despite unaltered 53BP1 protein levels in *Dicer1*^−/−^ cells with respect to *Dicer1*^+/−^ cells ([Fig. S3F](Fig. S3F)).

Taken together, these results obtained by laser micro-irradiation in two independent cell lines indicate that primary recruitment of DDR sensors is independent of DICER and DROSHA, as well as H2AX, and they point to a role for DICER and DROSHA in fueling the secondary recruitment of DDR mediator proteins to sites of DNA damage, thus promoting signal amplification.

DICER or DROSHA inactivation reduce the recruitment of endogenous MDC1 and 53BP1, but not of NBS1, to an I-SceI-induced cluster of DSBs {#s2c}
---------------------------------------------------------------------------------------------------------------------------------------

Laser micro-irradiation has been shown to generate a variety of different types of DNA lesions and, to an extent, also RNA and protein damage ([@JCS182188C12]). Therefore, to complement and strengthen our conclusions, we decided to expand our analyses with a different approach that allows the study of primary recruitment without employing laser light. We used the already established cell line U2OS/TRE/I-SceI-19 ([@JCS182188C28]) that harbors the stable integration in a single locus of 200 copies of an array containing the cleavage site for the I-SceI endonuclease, flanked by tetracycline response elements (TREs) (TET repeats). The expression of TET--YFP and I-SceI allows the generation of up to 200 DSBs in close proximity and the formation of a large DDR focus co-localizing with the TET--YFP focal signal in the nucleus of each cell. This cellular system has been previously shown to allow the visualization of those DDR factors, such as Ku, that associate to DSBs in very few copies ([@JCS182188C28]). These cells were therefore knocked down for DICER, DROSHA or H2AX ([Fig. S4A](Fig. S4A)), transfected with TET--YFP- and I-SceI-expressing plasmids, fixed 24 h later and stained with antibodies against γH2AX, NBS1, MDC1 and 53BP1. As expected, these DDR markers accumulated at the TET--YFP locus upon DSB induction by I-SceI ([Fig. 3](#JCS182188F3){ref-type="fig"}A--C) and, by quantifying the fluorescence intensities, we confirmed that γH2AX foci were significantly reduced in H2AX-KD cells but not in any other KD samples ([Fig. 3](#JCS182188F3){ref-type="fig"}D). Similarly, NBS1 foci were not reduced in DICER-, DROSHA- or H2AX-KD cells ([Fig. 3](#JCS182188F3){ref-type="fig"}A,E) indicating that the detection of NBS1 at the DSB cluster was the result of primary recruitment. By contrast, MDC1 and 53BP1 foci intensities showed a significant reduction in both DICER- and DROSHA-KD samples ([Fig. 3](#JCS182188F3){ref-type="fig"}B,C,F,G), as well as in H2AX-KD cells, as expected. Therefore, also in this system, DICER and DROSHA control the secondary recruitment of DDR factors while not affecting the recruitment of DNA damage sensors such as NBS1. Fig. 3.**DICER or DROSHA inactivation reduces the recruitment of endogenous MDC1 and 53BP1, but not NBS1, to I-SceI-induced DSB clusters.** DICER, DROSHA or H2AX were knocked down in U2OS/TRE/I-SceI-19 cells. After 48 h, cells were transfected with plasmids expressing TET--YFP and I-SceI. TET--YFP recruitment to the cut locus was induced the following day by doxycycline administration for 3 h. (A--C) DDR focus formation at clustered DSBs was monitored by indirect immunofluorescence for γH2AX and NBS1 (A), MDC1 (B) and 53BP1 (C). Representative images for I-SceI-induced γH2AX, NBS1, MDC1 or 53BP1 foci co-localizing with TET--YFP positive loci are shown. Scale bars: 20 μm. (D--G) Plots showing the quantification of the fluorescence intensity of γH2AX (D), NBS1 (E), MDC1 (F) or 53BP1 (G) foci at TET--YFP loci. Red bars indicate mean value, error bars indicate s.e.m. \**P*\<0.05 by one-way ANOVA. For each condition shown more than 30 cells from two independent experiments were measured.

NBS1 foci are resistant to RNaseA treatment whereas 53BP1 foci are sensitive to it and can be restored by incubation with sequence-specific synthetic DDRNAs {#s2d}
------------------------------------------------------------------------------------------------------------------------------------------------------------

We previously demonstrated that the DDR-related function of DICER is dependent on its endoribonuclease activity and on its role in DDRNA biogenesis ([@JCS182188C16]). Moreover, in agreement with [@JCS182188C35]), we observed that 53BP1 foci forming at individual DSBs disassemble upon RNaseA treatment ([@JCS182188C16]). We further showed that following RNaseA removal, 53BP1 foci can reform if cells are incubated with RNA purified from cells in which DNA was cut by the activity of I-SceI, or with chemically synthesized locus-specific DDRNAs ([@JCS182188C16]). This observation demonstrates a direct contribution of DDRNA to DDR focus formation, independent of canonical RNA interference mechanisms; nevertheless, it cannot distinguish between their specific contribution to primary or secondary recruitment. This is because in the cellular systems used, DDR is activated at individual DNA lesions and ensuing DDR foci are detectable only if both primary and secondary recruitment take place. Therefore, we decided to test the impact of RNaseA treatment on detectable NBS1 and 53BP1 foci (markers of primary and secondary recruitment, respectively) forming at the DSBs cluster in U2OS/TRE/I-SceI-19 cells. With this aim, TET--YFP-expressing cells containing DNA cut with I-SceI were permeabilized and treated with RNaseA, or BSA as a control. After fixation and staining for NBS1 or 53BP1, we monitored sensitivity of DDR foci to RNaseA ([Fig. 4](#JCS182188F4){ref-type="fig"}B,C). γH2AX staining in the same cells was used as a reference for DNA damage induction and chromatin integrity ([Fig. 4](#JCS182188F4){ref-type="fig"}A--C). We observed that NBS1 accumulation to the I-SceI-induced DDR focus was comparable in BSA- or RNaseA-treated cells ([Fig. 4](#JCS182188F4){ref-type="fig"}A,D), indicating that NBS1 recruitment is not dependent on RNA. By contrast, 53BP1 accumulation was eminently sensitive to RNaseA treatment ([Fig. 4](#JCS182188F4){ref-type="fig"}B,E). This result suggests that 53BP1 secondary recruitment to the DSB cluster requires RNAs. Fig. 4.**NBS1 foci are resistant to RNaseA treatment, whereas 53BP1 and MDC1 foci are sensitive to it and can be restored by incubation with RNAs from cells with cut DNA or sequence-specific synthetic DDRNAs.** U2OS/TRE/I-SceI-19 cells were transfected with plasmids expressing TET--YFP and I-SceI, and TET--YFP recruitment to the cut locus was induced the following day by doxycycline administration for 3 h. Cells were mildly permeabilized and treated with RNaseA, or BSA as control, and focus formation at clustered DSBs was probed with antibodies against γH2AX and NBS1 or 53BP1. (A,B) Representative images for I-SceI-induced γH2AX and NBS1 (A) or 53BP1 (B) foci co-localizing with TET--YFP-positive loci after treatment with BSA or RNaseA are shown. Scale bars: 20 μm. (C--E) Plots showing the quantification of the fluorescence intensity of γH2AX (C), NBS1 (D), 53BP1 (E) foci at TET--YFP loci. Red bars indicate mean value, error bars indicate s.e.m. \**P*\<0.05 by one-way ANOVA. For each condition shown more than 40 cells from two independent experiments were measured. (F,G) Plots showing the quantification of the fluorescence intensity of 53BP1 (F) or MDC1 foci (G) at TET--YFP loci after treatment with BSA or RNaseA and complementation with different RNAs. 53BP1 and MDC1 foci are restored post-RNaseA treatment only when cells are incubated with RNA from cells with cut DNA (CUT RNA) or specific synthetic RNA (TET), and not if cells are incubated with yeast tRNA, RNA from cells with uncut DNA transfected with an empty expression vector (UNCUT RNA) or synthetic RNA with an unrelated sequence (LAC). \**P*\<0.05 by one-way ANOVA. For each condition shown more than 40 cells from two independent experiments were measured.

Since primary recruitment of NBS1 is not dependent on RNA, we reasoned that this system is the best experimental setup to clearly demonstrate that DDRNA act by promoting secondary recruitment. We thus isolated total RNA from empty-vector-transfected cells with uncut DNA (UNCUT RNA) or I-SceI-expressing cells with cut DNA (CUT RNA) and we tested the activity of these two RNA preparations in DDR focus reformation post-RNaseA treatment. Quantification of the fluorescence intensity of 53BP1 or MDC1 foci at the TET--YFP-labeled genomic locus shows that 53BP1 and MDC1 secondary recruitment was reduced in cells treated with RNaseA and complemented with inert tRNA ([Fig. 4](#JCS182188F4){ref-type="fig"}F,G). Similarly, incubation of RNaseA-treated cells with total RNA from cells with uncut DNA (UNCUT RNA) did not restore focus formation, confirming that DDRNAs accumulate upon damage. By contrast, 53BP1 and MDC1 secondary recruitment was completely restored in RNaseA-treated cells by incubation with equal amount of RNA coming from cells with cut DNA (CUT RNA) ([Fig. 4](#JCS182188F4){ref-type="fig"}F,G). Finally, to confirm that the RNA required for focus restoration is sequence specific, we took advantage of the fact that in the engineered locus of U2OS/TRE/I-SceI-19 cells DSBs are flanked by an array of TET repeats, and we used the already validated synthetic small RNAs with TET-repeat sequences ([@JCS182188C16]). We compared their ability to allow 53BP1 and MDC1 focus re-formation at the DSB cluster with that of control DDRNAs with a LAC operon sequence, absent in this cellular system. Fluorescence intensity of 53BP1 and MDC1 foci could be restored only by incubation with sequence-specific synthetic TET DDRNAs but not with control synthetic LAC DDRNA ([Fig. 4](#JCS182188F4){ref-type="fig"}F,G). As previously observed, γH2AX focus intensity also remained unaltered in this system ([Fig. S4B](Fig. S4B)). By this *in situ* approach we could therefore demonstrate that the secondary recruitment of 53BP1 to a cluster of DNA damage sites is directly controlled by sequence-specific DDRNAs.

DISCUSSION {#s3}
==========

In summary, here we investigate for the first time the potential contribution of DICER, DROSHA and DDRNAs to the direct recognition of DNA lesions by DNA damage sensors such as the MRN complex and to the so-called secondary recruitment of DDR factors. By the use of two independent experimental setups, we demonstrate that DICER, DROSHA and DDRNAs do not impact on direct sensing of DNA lesions. This is a feature reminiscent of the role of H2AX ([@JCS182188C8]) and suggests that DDRNA are unlikely to directly interact with DSB DNA ends, despite their sequence homology. Instead, we observed that DICER and DROSHA are required for the secondary recruitment of DDR factors in two experimental settings where a high number of DNA lesions are densely formed in the same locus. We therefore propose that for an efficient DDR focus formation and thus an effective DDR signal amplification, at least two events must occur; γH2AX formation and generation of DDRNA by DICER and DROSHA. These are likely parallel pathways as DICER and DROSHA are dispensable for H2AX phosphorylation ([@JCS182188C16]; [@JCS182188C40]; [@JCS182188C19]).

MDC1 binds directly to γH2AX and it is thought to nucleate focus formation ([@JCS182188C39]). The observation that MDC1 recruitment can be uncoupled from the accumulation of γH2AX upon DICER or DROSHA inactivation or RNaseA treatment indicates that MDC1 binding to γH2AX, although necessary ([@JCS182188C29]; [@JCS182188C39]; [@JCS182188C32]; [@JCS182188C25]), might not be sufficient in an *in vivo* setting to guarantee stable MDC1 association to γH2AX foci.

The observation that DDRNAs act in parallel with γH2AX in focus nucleation suggests that DDRNA recruitment to the damaged genomic locus must occur. It is tempting to speculate that DDRNA might act together with γH2AX in nucleating the large structures known as DDR foci by providing a scaffold of RNA--protein interactions ([@JCS182188C24]) that retain DDR factors in proximity to DNA lesions. The functions described here of DICER, DROSHA and DDRNAs in enabling the secondary recruitment of DDR factors point to a role of DDRNAs in coordinating focus formation and signal amplification following the primary recognition of the lesion.

MATERIALS AND METHODS {#s4}
=====================

Cultured cells and treatments {#s4a}
-----------------------------

U2OS 53BP1--GFP ([@JCS182188C4]), U2OS NBS1--GFP ([@JCS182188C29]; both a kind gift from Jiri Bartek), U2OS/TRE/I-SceI-19 ([@JCS182188C28]; a kind gift from Prof. A. Yasui) were grown in DMEM supplemented with 10% fetal bovine serum, 1% L-glutamine, plus 1% penicillin/streptomycin and G418 (250 µg/ml), Puromycine (1 µg/ml) or Zeocin (250 µg/ml), respectively. U2OS MDC1--GFP cells ([@JCS182188C22], a kind gift from Guido Drexler) were grown in RPMI 1640, supplemented with 10% fetal bovine serum, 1% L-glutamine, 1% penicillin/streptomycin and puromycin (0.8 µg/ml). *KrasG12D; Trp53^−/−^; Dicer1^f/−^* and *KrasG12D; Trp53^−/−^; Dicer1^−/−^* cells ([@JCS182188C36]) were grown in DMEM, 10% fetal bovine serum, 1% L-glutamine and 1% penicillin/streptomycin. DNA damage was generated by treatment with 50 ng/ml Neocarzinostatin (NCS; Sigma, N9162) for 20 min at 37°C. All cell lines are routinely screened against mycoplasma contamination.

Antibodies {#s4b}
----------

Mouse monoclonal anti-γH2AX (Ser139) (clone JBW301; 1:500; Millipore, 05-636); rabbit polyclonal anti-γH2AX (Ser139) (1:300; Novus Biological, NB100-384); rabbit polyclonal anti-γH2AX (Ser139) (1:500; Abcam, ab11174); rabbit polyclonal anti-NBS1 (1:300; Novus Biological, NB100-143); rabbit polyclonal anti-53BP1 (1:1000; Novus Biological, NB100-304); rabbit polyclonal anti-53BP1 (1:1000; Bethyl A300-272A); mouse monoclonal anti-MDC1 (clone mdc1-50; 1:400; Sigma, M2444); sheep polyclonal anti-MDC1 (\#3035; 1:400; kind gift from Raimundo Freire; Hospital Universitario de Canarias, Instituto de Tecnologías Biomédicas, La Laguna, Tenerife, Spain); mouse monoclonal anti-BrdU (clone B44; 1:100; Beckton Dikinson, 347580); rabbit polyclonal anti-GFP (1:1000; Life Technologies, A111-22); mouse monoclonal anti-Vinculin (clone 7F9; 1:5000; Millipore, MAB3574); rabbit polyclonal anti-Dicer1 (1:500; Sigma, HPA00694); rabbit monoclonal anti-Drosha (clone D28B1; 1:1000; Cell Signaling, 3364).

Indirect immunofluorescence {#s4c}
---------------------------

Cells were plated on coverslips or in glass-bottom dishes Mattek (P35G-1.5-14-C). Staining for NBS1, MDC1, 53BP1, γH2AX and BrdU were performed as described previously ([@JCS182188C11]). Cells were fixed in 4% paraformaldehyde followed by a 0.2% Triton X-100 permeabilization step if expressing a GFP or a YFP reporter gene or methanol:acetone 1:1 in all other cases. Coverslips and glass-bottom dishes were incubated for 1 h in 1× PBG blocking buffer \[0.5% BSA, 0.2% gelatin from cold-water fish skin (Sigma-Aldrich, G7765) in 1× PBS\]. Incubation with primary antibody, diluted in 1× PBG blocking buffer, was for 1 h at room temperature. Coverslips were washed three times with 1× PBG buffer and incubated with secondary antibody diluted in 1× PBG blocking buffer for 40 min at room temperature. Coverslips and glass-bottom dishes were extensively washed two times in 1× PBG blocking buffer and two times in 1× PBS. Nuclei were stained with 0.2 µg/ml DAPI (4′,6-diamidino-2-phenylindole; Sigma-Aldrich, D9564) in 1× PBS for 1 min at room temperature and coverslips were mounted in 1,4-Diazabicyclo\[2.2.2\]octane and incubated at room temperature overnight in the dark. After DAPI staining, glass-bottom dishes were incubated for 5 min with 4% PFA, washed and kept in PBS at 4°C. Images were acquired using a Leica TCS SP2 AOBS confocal system equipped with a Leica HCX PL APO 63×/1.4NA oil immersion objective and the Leica Confocal Software (LCS), keeping the Lookup Table (LUT) in a linear range using an oil immersion objective or with a widefield epifluorescence microscope (Olympus IX71) equipped with PlanApo 60×/1.40NA oil immersion objective, a Cool SNAP ES camera (Photometrics) and driven by MetaMorph software (Universal Imaging Corporation). Comparative immunofluorescence analyses were performed in parallel with identical acquisition parameters and imaging analyses were performed using ImageJ (NIH) and CellProfiler ([@JCS182188C6]) software.

Immunoblotting {#s4d}
--------------

Cells were lysed in Laemmli sample buffer \[2% sodium dodecyl sulphate (SDS), 5% glycerol, 1.5% DTT, 0.01% bromophenol blue, 60 mM Tris HCl pH 6.8\]. Collected cells were sonicated (Braun) with three bursts of 15 s and heated for 10 min at 95°C. A 6% SDS-polyacrylamide gel with a width of 1 mm was loaded with 15 μl of lysate, along with 6 µl of molecular weight markers (BioRad). Gels were run in Tris-glycine electrophoresis buffer (25 mM Tris, 250 mM glycine, 0.1% SDS) until the dye reached the bottom of the gel. For western blotting analysis proteins were transferred to a 0.2 µm nitrocellulose membrane (BioRad Trans-Blot Turbo transfer pack) using the Trans-Blot Turbo Transfer System apparatus (BioRad). The transfer was performed at 25 V for 10 min. Membranes were incubated with 5% skim milk in TBS-Tween buffer for 1 h, followed by overnight incubation at 4°C with primary antibody and three washes with TBS-Tween before 1 h incubation at room temperature with the specific HRP-conjugated secondary antibody. Chemiluminescence detection was done by incubation with Luminata Classico or Crescendo (Millipore). Proteins were visualized by autoradiography on ECL films (Amersham), using various exposure times and manually developed.

Plasmids {#s4e}
--------

TET--YFP (pEYFP-rtTA-N1), generated in the laboratory of D.L. Spector, -SceI plasmid was a kind gift from Dr Yasui ([@JCS182188C28]); the empty vector used was pCMV5 (ATCC-87781).

siRNA {#s4f}
-----

The DHARMACON siRNA were transfected by Lipofectamine RNAi Max (Invitrogen) at a final concentration of 20 nM. Sequences for human DICER, DROSHA and H2AX, siLuciferase and non-targeting sequences are given in [Table 1](#JCS182188TB1){ref-type="table"}. Table 1.**siRNA sequences**

Real-time quantitative PCR {#s4g}
--------------------------

Total RNA was isolated from cells using an RNeasy kit (Qiagen) according to the manufacturer\'s instructions and treated with DNase (Life Technologies) before reverse transcription. cDNA was generated using Superscript III Reverse Transcriptase or SuperScriptVILO (Invitrogen) and used as a template in real-time quantitative PCR (RT-qPCR) analysis. RT-qPCR reactions were performed on a Roche LightCycler 480 Sequence Detection System. The reactions were prepared using SYBR Green reaction mix (Qiagen, Roche). Beta-2-microglobulin (B2M) or ribosomal protein P0 (RPLP0) were used as human housekeeper genes, and mouse ribosomal protein P0 (RPLP0) was used as a mouse housekeeper gene.

### Primer sequences for real-time quantitative PCR {#s4g1}

Human and mouse RPLP0, F: 5′-TTCATTGTGGGAGCAGAC, R: 5′-CAGCAGTTTCTCCAGAGC; Human B2M, F: 5′-TTCTGGCCTGGAGGCTATC, R: 5′-TCAGGAAATTTGACTTTCCATTC; Human DICER, F: 5′-TGTTCCAGGAAGACCAGGTT, R: 5′-ACTATCCCTCAAACACTCTGGAA; Human DROSHA, F: 5′-GGCCCGAGAGCCTTTTATAG, R: 5′-TGCACACGTCTAACTCTTCCAC; Mouse DICER, F: 5′-GCAAGGAATGGACTCTGAGC, R: 5′-GGGGACTTCGATATCCTCTTC.

Laser-induced DNA damage {#s4h}
------------------------

Live-cell imaging and laser-induced DNA damage were performed on a Leica TCS SP5 point scanning confocal microscope equipped with a Leica HCX PL APO 63×/1.4NA oil immersion objective and an environmental microscope incubator (OKOLab) set to 37°C and 5% CO~2~ perfusion. The Leica TCS SP5 confocal microscope was driven by Leica LAS AF software. Cells were cultured in glass-bottom dishes (Mattek P35G-1.5-14-C) and pre-sensitized for 72 h in 10 µm BrdU. Laser micro-irradiation was carried out using a 50 mW 405 nm diode laser with a 100% power output. At 2× digital magnification, multiple regions of interest (ROI) of the same size were selected in each nucleus and the 405 nm laser was used to scan the ROIs for 50 iterations (total dwell time per pixel 490 μs).

Cell-cycle analyses by FACS {#s4i}
---------------------------

U2OS cells were collected 72 h post transfection with siRNA, washed in PBS and fixed in 75% ethanol overnight at 4°C. 10^6^ fixed cells for each condition were washed once in PBS 1% BSA and re-suspended in PBS containing propidium iodide (50 μg/ml) and RNaseA (250 μg/ml), and incubated overnight in the dark. FACS analysis was performed on single cell suspensions. For each measurement, at least 20,000 cells were acquired. Samples were acquired on a FACSCanto II (Becton Dickinson). Propidium iodide was excited with a 488 nm laser and emission was detected with a 670LPnm filter. Data were acquired and analyzed with FACSDiva 6.1.1 (Becton Dickinson) and ModFit LT 3.0 (Verity Software House) software.

RNaseA treatment and complementation with purified cellular RNA or DDRNA {#s4j}
------------------------------------------------------------------------

U2OS/TRE/I-SceI-19 cells were seeded on 6-well plates, transfected by Lipofectamine 2000 transfection reagent (Invitrogen, 11668-027) with TET--YFP (0.7 µg) and I-SceI or empty (both 2 µg) plasmids, and 24 h later were incubated with doxycyclin (1 µg/ml) for 3 h. Cells were then permeabilized in 0.3% Tween20 (Euroclone) in PBS for 10 min at room temperature. After washing in PBS, cells were incubated for 20 min at room temperature with 0.2 µg/ml Ribonuclease A from bovine pancreas (Sigma-Aldrich) or acetylated BSA (0.2 µg/ml) in PBS+0.02 mM sodium acetate and 0.2 mM Tris-HCl pH 7.4. Cells were then washed extensively in sterile cold PBS and fixed in PFA 4%. For complementation with purified cellular RNA or DDRNAs U2OS/TRE/I-SceI-19 cells were seeded on coverslips and transfected with vectors expressing TET--YFP and I-SceI. After 24 h cells were permeabilized in 0.3% Tween20 (Sigma) in sterile PBS for 10 min at room temperature. After washing in sterile PBS, cells were pre-incubated in 70 μl of a solution containing PBS, 80 units of RNase inhibitor (RNaseOUT, Life Technologies, 40 units/μl) and alpha-amanitin (20 µg/ml) for 10 min. The coverslips were then transferred to 70 μl of the same solution of RNaseOUT and alpha-amanitin in PBS, complemented with 50 µg total RNA from cells with cut or uncut DNA, or same amount of yeast tRNA either alone or with annealed TET1 and TET2 DDRNAs (1 nM final concentration), or LAC1 and LAC2 as controls, for an additional 20 min at room temperature. Cells were then fixed in PFA 4% and stained for DDR markers as described. Synthetic DDRNA sequences: LAC1, P-AGC GGA UAA CAA UUU GUG GCC ACA UGU GGA; LAC2, P-UGU GGC CAC AAA UUG UU; TET1, P-ACU CCC UAU CAG UGA UAG AGA AAA GUG AAA GU; TET2, P-CUU UCA CUU UUC UCU AUC ACU GAU AGG GAG UG.

Imaging analysis {#s4k}
----------------

In the case of micro-irradiation in NBS1--GFP, MDC1--GFP and 53BP1--GFP reporter cell lines, images were acquired with a Leica TCS SP5 confocal microscope equipped with a Leica HCX PL APO 63×/1.4NA oil immersion objective and driven by Leica LAS AF software. GFP signal in laser-damage-induced stripes were quantified by ImageJ by drawing the ROI of laser damage. The mean fluorescence intensity in each damaged area was measured and the mean intensity of an identical area in an undamaged region of the same nucleus was subtracted as background. For staining of endogenous proteins, images of stripes of laser-induced DNA damage were acquired with a Leica SP2 AOBS, equipped with Leica HCX PL APO 63×/1.4NA oil immersion objective and analyzed with the imaging analyses software CellProfiler ([@JCS182188C6]), by using an ad-hoc-designed pipeline that creates a mask around the nuclear γH2AX-positive damaged area and identifies the same area in the corresponding pictures from other channels. The software measures the fluorescence intensity of γH2AX in that area and the fluorescence intensity of NBS1 or MDC1 or 53BP1 channels in the same nuclear region. Mean fluorescence intensity for each stripe of NBS1 or MDC1 or 53BP1 was expressed as a ratio with γH2AX fluorescence intensity. In the U2OS/TRE/I-SceI-19 system, images were acquired with a widefield epifluorescence microscope (Olympus IX71) equipped with PlanApo 60×/1.40NA oil immersion objective. Photomicrographs were taken with digital camera Cool SNAP ES (Photometrics) and data acquisition was done using MetaMorph software (Universal Imaging Corporation). DDR focus intensity was analyzed by ImageJ software by defining the ROI around the focus of TET--YFP signal. All the ROI defined were then localized in the MDC1 and 53BP1 channel and fluorescence intensity was measured in each ROI for each marker. From the integrated fluorescence density of each ROI we subtracted the integrated fluorescence density of an identical area in an undamaged region of the same nucleus, for all markers analyzed. Numbers of DDR foci per nucleus were quantified by the automated software CellProfiler, applying an ad-hoc-designed pipeline which, based on size and fluorescence intensity of DDR foci relative to the background signal, recognizes and counts their number in each DAPI-positive cell nucleus. Identical parameters were applied in the analyses of all conditions compared in each experiment. All data for imaging analyses were plotted with the use of GraphPad Prism software.

Statistical analyses {#s4l}
--------------------

Fluorescence intensity results are shown as means±standard error (s.e.m.). RT-qPCR results in the [Supplementary information](Supplementary information) are shown as means of a technical triplicate±standard deviation (s.d.). *P*-values were calculated by non-parametric one-way ANOVA (because data distribution was negative using Shapiro--Wilk normality test) with multiple comparisons or unpaired Student\'s *t*-test using to GraphPad Prism statistics tools.
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